have been reported as being cleaner and having better overall egg quality compared with free range [3] . Consumers prefer an egg in which the albumen is firm, the yolk has a dense color, the egg is of an appropriate size with intact shell, and is free from pathogens. In the present study, the effect of 2 production systems (cage vs. free range) and of increasing flock age were evaluated for overall egg quality, the amount of cuticle cover on the eggshell, the incidence of various mammillary layer ultrastructural features, and the total bacterial load on the eggshell surface, in shell crush, and egg internal contents.
MATERIALS AND METHODS
Eggs were collected, on farm, at 25, 35, 45, 55, 65 , and 75 wk of age from one conventional cage (CC) flock and one free-range (FR) flock of Hy-Line Brown laying hens. Both were flocks in commercial production and the 2 flocks were 4 wk apart in age. Although the feed was not identical for both flocks, diets were formulated according to Hy-Line Australia specifications and contained wheat (or wheat plus sorghum), soybean meal, meat meal, vegetable oil, limestone, and yolk color pigment as major components. The CC flock was in an environmentally controlled conventional cage system with 6 hens in each cage (550 cm 2 /bird). The FR flock size was 16,000 hens with free access to an outside confined range (10 m 2 /bird in the poultry house, 4 m 2 /bird on the range). During the study period, a total of 900 eggs were processed from each production system (150 eggs per collection per flock). Out of 900 eggs from each flock, 540 eggs (90 per collection per flock) were processed for the determination of traditional egg external and internal quality parameters, amount of cuticle estimation, and the scoring of eggshell ultrastructural features. The remaining 360 eggs (60 per collection per flock) were processed for egg microbiology in which the total bacterial load on eggshells, in eggshell crush, and internal contents was recovered and enumerated.
Eggshell and Egg Internal Quality Measurements
The incidence of translucency was determined by placing intact eggs over a light source in an egg-candling box and observing the extent of light penetration through the shell. Eggs were scored for the incidence of translucency on the scale of 0 being least translucent and 5 being the highest incidence of translucency. Eggshell and egg internal quality parameters were measured by TSS [4] equipment. Eggshell parameters measured were shell reflectivity (TSS-QCR), egg weight and shell weight (g; TSS QCBi), shell breaking strength (N) by quasi-static compression and shell deformation (µm; TSS QC-SPA -50 N load cell), shell thickness (µm; custom built gauge based on a Mitutoyo dial comparator gauge [5] ), and percent shell (%; calculated from shell weight and egg weight). For determination of shell breaking strength, eggs were presented horizontally in the TSS QC-SPA equipment and force was applied directly to the egg equator. Internal quality was measured as albumen height (mm) and Haugh unit (TSS QCH) and yolk color (TSS QCC).
Estimation of the Amount of Cuticle
For estimation of the amount of cuticle, eggs were soaked in MST cuticle blue stain [6] for 1 min and rinsed in tap water 3 times to remove excess stain. Shell color (L*a*b*) was measured with a hand-held Konica Minolta spectrophotometer [7] . The reading was taken 3 times per location at 3 locations around the equator of each egg and an average was recorded. The Konica Minolta spectrophotometer functions on the L*a*b* space system, where L* represents the grading between white (100) and black (0). The higher the value for L*, the lighter the shell color and vice versa. The value for a* represents the color grading between green and red, where green is toward the negative end of the scale and red toward the positive end. More negative values for a* mean the eggs acquired more stain and thus the amount of cuticle is greater and vice versa. The b* component is the grading between yellow and blue. For b*, blue is toward the negative end and yellow toward the positive end of the scale. In the present study, among all the 3 components of the L*a*b* color space system, a* was the most important, as it indicated the amount of cuticle present on the stained eggs.
Ultrastructural Scoring of Shell Mammillary Layer
The ultrastructural features of the mammillary layer were scored using a scanning electron microscope [8] . Pieces of shell, approximately 1 cm square, were cut out from around the equator of the eggshell using a Dremel tool [9] and soaked overnight in tap water. Shell membranes were peeled off manually and pieces of shell were allowed to dry thoroughly. The dried pieces were then plasma etched in a BioRAD RF Plasma Barrel Etcher PT 7150 [10] for 4 h following the method of Reid [11] to remove the outer shell membrane. The specimens were mounted on a 9-mm diameter aluminum stub using aqueous conductive silver liquid scanning electron microscope adhesive [12] , sputter coated in a Neocoater [13] for 5 min, and viewed under the scanning electron microscope at various magnifications. Eggshell ultrastructural features of the mammillary layer were scored after the method of Solomon [14] .
Mammillary cap size was scored as 1 (similar), 2 (variable), or 3 (highly variable). Mammillary caps were scored according to their quality, which was assessed as both the size of the cap in relation to its cone and the degree of membrane attachment, from 1 (best) to 5 (worst). Confluence, early fusion, late fusion, alignment, Type A bodies, Type B bodies, aragonite, cubics, cubic cone formations, changed membrane (membrane not removed by plasma ashing), and cuffing were each ranked for incidence from 1 (none) to 4 (extensive). The same was done for the incidence of depressions, erosion, and holes, although these were rarely observed.
Egg Microbial Enumeration
To enumerate the total bacterial count (TBC) and total Enterobacteriaceae count (TEC) on the surface of the eggshell, pooled samples (n = 6) were washed in 60 mL of PBS (pH 7.4) for 1 min. From the shell rinsate, 0.1 mL was plated onto MacConkey and Violet Red Bile Glucose Agar (VRBGA). From the same rinsate, 1 mL was inoculated into 4 mL of buffered peptone water (BPW). Inoculated plates and BPW vials were placed in the incubator overnight at 37°C. The plates were examined for colony-forming units and the colonies were counted. The VR-BGA plates showed TEC, whereas MacConkey agar plates showed TBC. The eggs used for shell wash were dipped for approximately 30 s in 70% ethanol (C 2 H 5 OH) to kill shell surface bacteria and remove any possible external contamination. Eggs were allowed to dry in a biosafety cabinet. Egg internal contents were removed into a sterile container (200 mL) by breaking the egg at the edge of sterile container into 2 equal halves. Eggshell internal walls were washed with PBS to remove all the adherent albumen. Eggshells (n = 6) with intact shell membranes were transferred into a sterile bag [15] and crushed to expose all the shell pores; 60 mL of PBS was added into each bag. The shell crush was processed for bacterial enumeration in the same way used for shell wash. For the processing of egg internal contents, 1 mL of the homogeneously mixed pooled sample (n = 3) in a sterile container was added to 4 mL of BPW, mixed thoroughly, and incubated at 37°C. A 0.1-mL sample of the incubated BPW enrichment was inoculated into each of the MacConkey and VR-BGA plates. The plates were incubated at 37°C overnight. After incubation, all the plates were examined for the growth of bacterial colonies.
Data Analysis
Data were analyzed using Statview Software [16] . A 2-way ANOVA was conducted taking production system and flock age as independent variables and all other variables as dependent. Level of significance was indicated by probability of less than 5%. The Fisher's LSD test was used to differentiate levels of significance between mean values.
RESULTS AND DISCUSSION

Eggshell and Egg Internal Quality Measurements
For the eggshell quality parameters, a significant main effect was observed for both production system and flock age and interaction between the 2 for translucency score, shell reflectivity (%; a measure of shell color lightness), egg weight (g), shell weight (g; P < 0.0001), and shell thickness (μm; P = 0.0088; Table 1 ). A statistically significant interaction between production system and flock age indicates that the pattern of change with increasing flock age was different between the 2 production systems. Shell breaking strength (N), shell deformation (μm), and percentage shell were not significantly affected by production system, although a significant interaction was noted between production system and flock age. For the egg internal quality, a significant main effect was observed for both production system and flock age and a significant interaction between the 2 was noted for albumen height (mm), Haugh unit, and yolk color. Translucency score (P < 0.0001) and shell reflectivity (P = 0.0001) were higher in the FR flock and increased with flock age in both systems, whereas egg weight, shell weight, percentage shell, and shell thickness were higher in CC (P < 0.0001) and generally increased with flock age, irrespective of production system. The egg internal quality parameters, albumen height, Haugh unit, and yolk color, were higher in the CC production system, as compared with FR (P < 0.0001), and decreased with flock age, except for the yolk color.
Translucency develops when moisture escapes from the egg albumen through the shell membranes into the ultrastructure of the mammillary layer. Most freshly laid eggs show relatively few translucent spots, and translucency develops within the first 24 h after laying. The incidence of translucency increases with the passage of time until 6 to 7 d after the egg is laid. The incidence of translucency varies from egg to egg and is affected by both storage time and factors, such as flock age; it ranges from small pin points to hair-like lines and circular spots of approximately 1 mm 2 . The higher shell reflectivity in FR eggs might be due to the time lapse between collection and processing. The lower shell reflectivity (darker shell color) in CC versus FR eggs and increasing shell reflectivity with flock age in both systems has been reported previously [17] . In the current study, shell reflectivity generally increased to a greater extent in the FR flock as flock age increased. Shell reflectivity varies with the amount of pigment (protoporphyrin IX) deposited in the eggshell. The lighter the shell color, the higher the shell reflectivity and vice versa. Shell reflectivity can be used to measure stress conditions in brown shelled laying hens.
Egg weight in the CC flock was significantly higher than for the FR birds at all flock ages. In the FR flock, egg weight (g) increased between 25 and 35 wk and then remained relatively constant. In contrast, in the CC system, a consistent slight increase in egg weight was observed with increasing flock age. These observations are in contrast to the findings of previous studies [18, 19] in which a greater increase in egg weight was observed in free-range eggs. A slightly higher egg weight in a cage flock compared with a free-range flock has been reported previously [20, 21] , which is similar to the current findings. Shell weight and shell thickness were higher for CC versus FR eggs in the present study. No significant difference was recorded for shell weight between cage and floor pen and litter system eggs in previous studies [22] [23] [24] . In the studies of Abrahamsson and Tauson [25] , higher shell weight was recorded for cage eggs compared with an aviary system. Shell thickness was not significantly different between free-range and cage systems in several previous studies [18, 19, 22] , contrary to the findings of the present study. The current results for higher shell thickness in CC eggs cannot be compared directly with previous research findings, as most of the authors compared cage eggs with production systems that were different from the free-range production system of the present study. Housing system had little effect on shell breaking strength in the present study. Breaking strength was higher for FR than for CC at 45 and 55 wk, but the reverse was true at 65 wk. Higher shell strength in conventional cage eggs compared with all other systems has been reported [26] , and a higher value for shell breaking strength was recorded in cage eggs than for a litter system [22] . An increase in shell strength toward peak production, followed by a subsequent decrease with flock age in cage and outdoor flocks, has been reported [27] . Shell deformation (μm) showed a similar pattern to shell breaking strength, with no overall difference between production systems, indicating that housing system had little effect on shell elasticity or fragility. A significant interaction (P < 0.0001) between the production system and flock age for shell deformation was observed, which was higher for CC than FR at 45 and 55 wk. Shell deformation was greater in conventional cage eggs versus all other 1 P = production system; A = age; P × A = production system and flock age interaction. *Significant difference from cage system at the same age.
systems in a previous study [26] , and higher shell deformation was recorded for cage eggs compared with aviary system [25] . However, another study reported no significant effect of production system on shell deformation [28] .
In the current study, percentage shell was not significantly affected by production system, which is similar to other published data [17] . A higher percentage shell has been recorded in cage system eggs versus other systems by Hidalgo et al. [26] . A slightly higher percentage shell was recorded for free-range eggs versus a cage system in other studies [18, 19] , which is in contradiction to the current study.
Albumen height (mm) was statistically significantly different (P ≤ 0.05) between the 2 production systems at different ages. However, a longer time interval was noted between egg collection and egg analysis of the free-range eggs, which would explain much of this difference. A variable albumen height in cage eggs with increasing hen age, with a linear decrease in outdoor hen eggs, has been recorded previously [18] . A relatively higher albumen height was recorded in free-range eggs compared with cages, with an overall decrease with flock age [19] , although no significant effect of production system on albumen height was observed [19, 20] .
A statistically significant effect (P ≤ 0.05) of production system and the interaction between production system and flock age was found for Haugh unit; this followed a similar pattern to albumen height. Haugh unit decreased with flock age more in FR, whereas it followed a consistent decline in CC. A higher Haugh unit in cage eggs versus other systems was reported previously [22, 29-31]. A slight decrease and then increase in Haugh unit occurred in an outdoor production system at the same time as a linear decrease occurred in a cage production system (26-50 wk of flock age) [18] . Free-range eggs had the lowest Haugh unit scores compared with other systems [26] . In other studies [17, 24, 32] , no significant effect of production system on Haugh unit was reported, and one study reported a higher Haugh unit in free-range compared with cage and deep litter systems [21] . Higher albumen height in CC eggs showed that these eggs were better in internal quality compared with FR eggs. Viscosity of albumen decreases toward the end of the production cycle which, in turn, decreases albumen height.
Yolk color was generally more consistent for the CC system. A significantly higher yolk color in free-range compared with cage eggs was recorded in some previous studies [20, 24, 33] . In other studies [17] , no significant difference was observed in yolk color between free-range and cage eggs. A higher yolk color for floor flock versus cage system eggs was recorded [34] . It can be concluded that yolk color varies more with flock nutrition than age or production system and will be dependent on both the amount of pigment added to the feed and, in the case of free-range production, how much vegetation is consumed by the birds.
Estimation of the Amount of Cuticle
Spectrophotometry (L*a*b*) Measurements of Stained Eggshell. A significant main effect was observed for production system and flock age and a significant interaction was observed between production system and flock age for the L* and b* components of the L*a*b* space system, as shown in Table 2 . A significant main effect of production system and flock age was noted for a* components of the L*a*b* space system, but no significant interaction was observed between the two.
The higher values of L* for FR compared with CC eggs indicated less pigment in FR compared with CC system eggs. From the current spectrophotometric measurements of stained eggs, it can be concluded L* values are less significantly affected by MST blue stain. The a* is the most important component in the L*a*b* space system, as it shows the amount of the MST stain acquired by the cuticle. The more negative values in CC versus FR indicated more cuticle present in the cage eggs. The lack of significant interaction between production system and flock age indicated that flock age had similar effects on the amount of cuticle deposition in both production systems. The b* component of the L*a*b* color space system is the grading between blue and yellow, where yellow is toward the positive end of the scale and blue is toward the negative end. Significant main differences were observed between production systems, with FR flocks being higher.
Ultrastructural Scoring of Shell Mammillary Layer. Scanning electron microscopic observations indicated that no 2 eggs from the same flock at the same age possess the same ultrastructural characteristics, which, in turn, reflects a high rate of variation in the secretion of eggshell precursors in the shell gland of the hen's reproductive system. Thus, oviducal malfunction may result in the breaching of the shell's inherent defense mechanisms [35] . Analysis of the uterine fluid proteins [36] at various stages of shell formation and in vitro crystallization experiments [37] have revealed egg-specific proteins that influence the process of calcification by modifying and modulating crystal growth [38] . Shell quality decreases with increased flock age, and old hen eggs are reported to be more prone to microbial penetration as compared with eggs from younger flocks [39] .
For the ultrastructural variables of the mammillary layer, a significant main effect of production system was recorded for mammillary cap size, mammillary cap quality, early fusion, Type A bodies, Type B bodies, aragonite, cuffing, and erosion (Table 3) . A significant interaction between production system and flock age (P < 0.05) was found for mammillary cap size, late fusion, alignment, Type A bodies, Type B bodies, cubic cone formation, cuffing, and changed membrane. No significant effect of production system or interaction between production system and flock age was observed for the incidence of confluence, cubics, depression, or hole. Variability of mammillary cap size, the incidence of poor mammillary cap quality, incidence of late fusion, alignment, Type A bodies, Type B bodies, and cubic cone formation were greater in FR versus CC and increased with flock age in both production systems. The incidence of confluence and early fusion were greater in CC and decreased with age in both production systems. More variable mammillary cap size leads to poor membrane attachment and poor cap quality, which can affect the overall quality of the shell ultrastructure. Overall, cap quality was poorer in FR compared with cage eggs. Good cap quality cones show higher affinity for membrane attachment, thus making the shell stronger. A higher incidence of early fusion has a positive effect on shell strength and vice versa [14] . The overall incidence of early fusion was 2 P = production system; A = age; P × A = production system and flock age interaction. *Significant difference from cage system at the same age. bodies, aragonite, cubics, cubic cone formations, changed membrane, cuffing, depression, erosion, and hole = 1 (none) to 4 (extensive).
2 P = production system; A = age; P × A = production system and flock age interaction. *Significant difference from cage system at the same age.
slightly higher in CC versus FR eggs. A higher incidence of early fusion increases the effective thickness of palisade columns [14] and is a positive feature of the mammillary layer. Increased incidence of cuffing has a positive effect on the mammillary layer, and its higher incidence in CC eggs suggests better ultrastructural quality. Late fusion, alignment, cubics, cubic cone formation, changed membrane, depression, and hole negatively affect mammillary layer quality. Their incidence was not significantly different between the 2 production systems. The higher incidence of mammillary layer variables, such as Type A bodies, Type B bodies, and aragonite, in FR compared with CC eggs indicates better quality of CC eggs.
Egg Microbial Enumeration
A significant main effect (P < 0.05) of production system and flock age and the interaction between the 2 was recorded only for TBC on the eggshell surface. A significant main effect of flock age was observed on TBC in shell crush, but no significant effect was noted for production system or interaction between production system and flock age, as shown in Table 4 . The TEC on shell was significantly affected by flock age and interaction between production system and flock age, whereas TEC in shell crush was only significantly affected by flock age. None of the egg internal contents were positive for bacteria.
Understanding external contamination of shells is important to evaluate the shelf life and food safety of commercial eggs. In most cases, egg internal contamination results from penetration of bacteria deposited on the shell surface as it is being laid or after it has been laid [40] . Salmonella poisoning related to egg products has attracted the attention of food safety authorities in Australia and all over the world. The shell wash method used in the current study has been used successfully by other workers for microbial enumeration from the eggshell surface [41] . In the current study, the TBC on shell surface was significantly higher in FR eggs compared with CC eggs. On average, 20 to 30 times more bacteria have been isolated previously from the surface of litter floor eggs compared with a wire floor [42] . A greater chance of eggshell 2 P = production system; A = age; P × A = production system and flock age interaction. *Significant difference from cage system at the same age.
contamination exists in litter and free-range systems compared with cages, as freshly laid eggs can be contaminated when coming in contact with contaminated surfaces [43, 44] . A 15 times greater bacterial load on the eggshell surfaces of deep litter eggs compared with cage eggs has been reported [44] . Total aerobic flora were higher (more than 1.0 log) on eggs from an aviary housing system compared with conventional and furnished cage systems [41] . In another study [45] , the total bacterial load and Enterobacteriaceae on the eggshell were significantly higher for furnished cage eggs compared with conventional cage eggs. In the present study, the TBC in shell crush was not significantly different between production systems and remained below 2 log cfu/mL of rinsate throughout production in both systems. The TEC on the shell and shell crush was not affected by the production system and, compared with TBC, was quite low. Enterobacteriaceae are the main bacteria that cause food poisoning. Bacterial contamination of the eggshell is greatly affected by factors such as diet [46] and poultry house environment [41] . A significantly higher Enterobacteriaceae count on eggshells from furnished cage production (12.3%) compared with conventional cages (5.8%) was recorded, but the egg internal contents from both production systems were free from bacteria [45] . In the present study, egg internal contents from both production systems were free from bacteria. Salmonella was not isolated from egg internal contents collected from different production systems in Australia [35] . Comparing different housing systems, previous studies [41, 42, 45, 47, 48] have shown that eggs produced by cage systems have generally lower bacterial counts compared with other production systems, but the differences found between the cage and noncage system eggs, in terms of contamination, are less pronounced under commercial conditions [49] . The lack of differences in total microbial load between the cage and freerange production system could be attributed to proper hygienic measurements followed on the farms during the study period.
CONCLUSIONS AND APPLICATIONS
1. The eggshell quality variables, egg weight, shell weight, and shell thicknesses, increased with flock age and were higher in the CC versus the FR flock. 2. The egg internal quality variables, albumen height and Haugh units, decreased with flock age and were higher in the CC compared with the FR flock, whereas yolk color was higher in cage eggs and fluctuated with flock age in both production systems. 3. The amount of cuticle present on the eggshell varied significantly with flock age and was significantly higher in CC versus FR eggs. 4. The increased incidence of late fusion, alignment, Type A bodies, and Type B bodies with increasing flock age indicates that shell quality decreases as hen age increases. In the present study, a significantly higher incidence of poor mammillary cap quality, incidence of late fusion, alignment, Type A bodies, Type B bodies, and cubic cone formation was recorded in FR versus CC eggs. 5. The total bacterial and Enterobacteriaceae load was relatively low and was significantly higher in FR compared with CC eggs.
